The fluidity of submicron powders was studied in a small-scale transparent column. Powders of Ni, Si3N4, SiC, A12O3and TiO2 were smoothly fluidized when gas velocity exceeded the apparent minimumfluidization velocity. The electrical conductivity of the particles did not affect the fluidizing quality in the range of the present experiments.
CuO/Al2O3 aerogels were smoothly fluidized if the gas velocity was increased far above the minimum fluidization velocity. Very small fibrous carbonaceous materials were also well fluidized by Brooks and Fitzgerald.2) Hotta et al. 6 ) fluidized aluminium particles of 7.4 /im with nitrogen, and produced fine A1N particles by direct nitridation in the freeboard region.
Ultra fine particles of oxides and carbides as well as nitrides are emerging as important materials, but information on the fluidization technology of those particles is very scarce to date. In this study, the pressure drop across the bed, the bed expansion and the collapse velocity were measuredfor submicron particles of Ni, Si3N4, SiC, A12O3, TiO2, ZrO2 and CaCO3. Agglomerates were directly sampled from the freeboard region, and the average size of agglomerates was evaluated as functions of fluidization conditions.
1. Experimental Figure 1 shows a schematic diagram of the fluidized bed used in the experiments. The main columnwas made of a glass tube of 3.5cm i.d. and 80cmlong. The enlarged part was 10cm i.d. and 20cm long and was connected to the main column through a tapered zone. The bed wall and the inlet tubing were heated with a transparent heater so that the bed temperature could be raised to 573 K in a specified case. Normally the temperature was kept at 291-295K. The gas distributor was a porous glass plate (pore size= 100-150/mi) 5 mmthick. In some cases, alumina particles 1 mmin diameter were packed on the porous plate to prevent clogging. Dry air and nitrogen were used as the fluidizing gas. After steady-state fluidization was attained, the gas supply was suddenly cut off, and the descending velocity of the bed surface was continuously recorded with an automatic camera. Solid particles existing in the freeboard region were sampled with an adhesive tape which was exposed for 5-30 s in the bed. The size distribution of agglomerates was determined by analyzing microphotographs.
The average diameter of primary particles was determined by means of X-ray diffraction, transmission electron microscopy, BET adsorption and sedimentation. Prior to the experiments, particles were dried in a vacuumdrier and were sifted with a 35-mesh sieve except for SiC particles, which were classified with a 90 /im mesh. The effect of moisture on sampling tap. Dimensions in the figure are in mm the fluidization state was tested with Ni particles. The apparent densities of solid particles were determined by the following methods. ppp: density whenparticles were packed in a small test tube under fingertip pressure; pbt: density when the bed was tapped repeatedly; pbs: settled density after fluidization was stopped.
The properties of the particles used are listed in Table 1 . TiO2 (1) and TiO2 (2) were supplied by different companies. The primary particle sizes measured by the different methods were consistent with each other except for the CaCO3particles. The dispersibility of the CaCO3particles in solvents was poor, and the mean size obtained by the sedimentation methodwas about six times larger than that by the BET method. Fig. 2. Effect of primary particle size on apparent densities. The primary particle size is dp (BET) in Table 1 The minimumfluidization velocity calculated from the following equation1} is virtually zero for all the tested particles if the primary particle diameter is used fordp.
(dlPg(Pp -Pg)gln2) = H5J(dpPg Umf/rj) + l 536(dpPgUmf/rj)2 (1)
Results and Discussion

Fluidization state The relationship
between the apparent densities and the primary particle diameter is shown in Fig. 2 . The meanprimary particle size is represented by the value obtained by the BETmethod. The packing density and the tapping density decrease with decreasing primary particle diameter. This tendency is in agreement with the result of Geldart et al.4) The difference between ppp/ps and pbt/ps becomes smaller when the primary particle diameter is larger than 100-150nm. The density ratios of CaCO3and ZrO2 are quite different from those of the other particles.
The submicron powders had a general tendency to form agglomerates. In particular, CaCO3was very cohesive and whole particles in the bed easily formed a strong uniform structure. Whenthe bed was vigorously shaken and the gas was introduced at 50 cm à"s~* or higher velocities, the structure was disin- across the bed. The pressure drop was measured after the bed was fluidized for 30min. At lower gas velocities, all the tested submicron particles were not fluidized and they behaved as C powders. The pressure drop across the bed was less than the weight of the powder, Wsg/AT. When sufficient energy was supplied by the gas flow, however, the particles were fluidized with continuous generation of gas bubbles. Then the pressure drop across the bed became equal to Wsg/AT, which is indicated by the horizontal arrows in Fig. 4 . The gas velocity necessary for complete fluidization is hereafter called the apparent minimumfluidization velocity, Uamf. As indicated Fig. 5 , the bed expansion of the submicron powders is larger than that of the A powders. 8'14) The steep rise of the bed height means the collapse of channeling.
The bed of TiO2 (1) particles reveals a small expansion in the range of Ug<Uamf. Figure 6 describes typical collapse curves.
The initial rapid fall is due to the escape of gas bubbles. Then the bed surface falls slowly until the bed height approaches the settled one, Lc. Geldart and the expansion in the emulsion phase is muchlarger than that of typical A powders.14) The settling velocities shown in Fig. 7 (b) are less than half the apparent minimumfluidization velocity of each powder. Table 2 shows the equivalent diameter of agglomerates calculated from the apparent minimum fluidization velocity and the sedimentation velocity on the basis of Eq. (1). In this calculation, the apparent density of agglomerates is approximated by pbt or ppp. The mean agglomerate diameter for Ni, Si3N4, SiC, A12O3 and TiO2 is in the range of 70-700/urn. The formation of agglomerates was also confirmed with Ni, Mo and TiO2 particles produced by the CVD method in our laboratory.12 '13) The size of Si3N4
agglomerates decreases by about 10%when the bed temperature is increased from 291 to 573K. This implies that chemically adsorbed water is partly re-44 
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(2) Figure 10 indicates the effects of gas velocity and sampling height on the average agglomerate diameter in the freeboard region. The average size is mostly in the range of 20-100/im, and is less than that calculated from Uamf or ud. = 257irj Uamfdc(l -ec)/sl = FH
Model of agglomerates formation
When an agglomerate is disintegrated by any body force or drag force, however, the adhesive force may work on the whole cross section of the splitting agglomerate. Therefore, the equilibrium size of agglomerates can be given by (energy generated by laminar shear) + (kinetic energy of agglomerate) = (energy required to break the agglomerate) If the van der Waals force is dominant, the tensile stress is given by9'n)
where A is in the order of magnitude of 10~18J (Krupp9) and Molerusn)); Al*4x 10-lom; efs= l-pp/ps*l-ppp/ps=0J3 and </s=1.3xl(r7m. Then the value of dc (~S) is calculated as 3.5x 10~4m, which is in the same order of magnitude as the value in Table 2 , Thus Eq. (4) can qualitatively explain the effects of various factors on the equilibrium size of agglomerate, but the nature of Au and AI must be further studied in a future work.
C onclusion
Ultra fine particles of Ni, Si3N4, SiC, A12O3 and TiO2 were smoothly fluidized when the gas velocity was increased enough to disintegrate the particle structure and to prevent the coalescence of agglomerates. The size of agglomerates in the fluidized bed was in the order of 70-700jum, and was a function of particle and gas properties. 
